The reaction kinetics of {3 1 1} defect dissolution in SIMOX, SOITEC and bulk silicon materials have been investigated. The effects of implant energy and surface silicon thickness on the activation energy for {3 1 1} dissolution have been measured using quantitative TEM (QTEM). SOI wafers having surface silicon thickness of 750 and 1450 Å were implanted with Si + ions at 15-48.5 keV, 1 × 10 14 cm −2 . Furnace and RTA anneals were performed at temperatures ranging from 700 to 825
Introduction
By now, the advantages of silicon-on-insulator (SOI) as a substrate material for complementary metal-oxide semiconductor (CMOS) fabrication have been well documented [1] . However, the present understanding of the role of point defects generated by ion implantation on dopant diffusion in SOI is fairly limited. In order to model and develop advanced SOI devices, these interactions need to be better understood.
At present, {3 1 1} defects are believed to be the major source of transient enhanced diffusion (TED) of dopants in bulk silicon [2] . These defects are able to maintain a supersaturation of interstitials until they are dissolved at sufficiently high annealing temperatures. This effect can often lead to unacceptable junction depths in bulk silicon devices. Modeling of {3 1 1} defect [3] [4] [5] [6] and dislocation loop [7] behavior has greatly improved the validity of process simulators. Unfortunately, up to this point no such models exist for SOI.
Although junction formation in SOI is fairly straightforward, point defects are likely to still play a role in dopant segregation around the surface silicon/buried oxide (BOX) interface [8, 9] . This phenomenon is likely to be critical as SOI devices are scaled. Previous studies have shown that dislocation loop [10] and {3 1 1} [11] nucleation can depend strongly on the SOI thickness and/or implant energy. The present study set out to investigate the reaction kinetics of {3 1 1} defect dissolution in SOI, and then compare it to bulk silicon.
Experimental
Separation by implantation of oxygen (SIMOX) and bonded (SOITEC) wafers were used, along with Czochralski wafers, in the experiment. All wafers were p-type, 200 mm, {0 0 1}, with a BOX thickness of 1300 Å. Some of the 1450 Å SOI wafers were thinned to 750 Å using oxidation and etching in dilute hydrofluoric acid (10:1). Ion implantation was done at angles of 7 • tilt and 22 • twist; implants consisted of 28 Si + ions at a non-amorphizing dose of 10 14 cm −2 . The implant energies were 15, 30, and 48.5 keV for the 1450 Å SOI and bulk silicon. For the 750 Å SOI, only the 15 and 30 keV energies were performed in order to prevent substantial dose loss to the BOX. Furnace anneals were performed at 700 and 750 • C in a Thermolyne quartz tube furnace with a nitrogen ambient. An AG Associates rapid thermal annealing (RTA) system was used in order to provide controllability for shorter anneals at 825 • C. The methodology for determining the anneal times is described in the following paragraph. Plan-view transmission electron microscopy (PTEM) SOI specimens were fabricated by mechanical grinding with 15 m alumina, followed by etching using HNO 3 :HF 3:1. Buffered oxide etching (6:1) was used to help remove the BOX from the SOI specimens. A JEOL 200CX TEM operating at accelerating voltage of 200 kV was used for imaging under weak beam dark field g(3g) conditions using a g 220 diffracted beam. Micrographs were taken at 50,000× and then printed at a total magnification of 150,000× so that quantitative TEM (QTEM) could be performed. QTEM was used to measure the trapped interstitial dose, defect size, and defect density.
The trapped interstitial decay for {3 1 1} defects varies exponentially with time 2 according to Eq. (1),
where Si I is the trapped interstitial dose, Si I (0) the pre-exponential factor, t the time, and τ the decay time constant. This time constant can be shown to follow an Arrhenius expression [12] , such as in Eq. (2), (2) where τ 0 is the pre-exponential, E a the activation energy for {3 1 1} dissolution, k Boltzmann's constant, and T the temperature. Anneal times were determined by assuming an activation energy of 3.7 eV [13] for {3 1 1} dissolution, corresponding closely with previous studies of enhanced diffusion and extended defect evolution [14] . Thus, if one determines the time for annealing at a particular temperature an equivalent time can be determined at another temperature by equating the ratio of the activation rates. This allows for observation of similar microstructures at different annealing temperatures, rather than a simple isochronal sequence. For example,
where t 1 is the annealing time at temperature T 1 and t 2 is the unknown time for temperature T 2 . Perhaps the most common temperature for observing {3 1 1} defect evolution is 750 • C, since the {3 1 1}s do not dissolve too fast or slow. Thus, 750 • C was used as a baseline for determining the equivalent annealing times at 700 and 825 • C. Table 1 shows equivalent annealing times for 700, 750 and 825 • C based on this procedure. Table 2 shows the as-implanted stopping range statistics for the Si + implants obtained from UT-Marlowe [15] and SRIM [16] . Dose loss due to implant overlap with the buried oxide was calculated by truncating the implant profile obtained from UT-Marlowe at the surface Si/BOX interface and integrating only the ions left in the surface silicon layer (Table 3) . This value was then subtracted from the actual implanted dose of 10 14 cm −2 . Fig. 1 shows a series of micrographs comparing the defect evolution between 750 Å SIMOX and bulk silicon for the 30 keV implant energy. Upon annealing, this non-amorphizing implant evolves into type 1 extended defects consisting of {3 1 1} defects and extrinsic dislocation loops [17] . At early times, a high density of dot defects appear, which may or may not be small {3 1 1} defects. As annealing proceeds, the {3 1 1} defects grow and then either dissolve or unfault [18] to form dislocation loops. The {3 1 1} defects are clearly smaller in the 750 Å SIMOX samples than in the bulk Si.
Results
Figs. 2-4 show the time dependency of the trapped interstitial dose in {3 1 1}s for the three implant energies at the three temperatures. In each of the cases, the {3 1 1} defects appear to be less stable in the 750 Å SOI compared to the 1450 Å SOI and bulk Si. As the implant energy is increased to 48.5 keV, the {3 1 1} defects in the 1450 Å SOI appear to be less stable than bulk Si. These phenomena have been discussed previously by Saavedra et al. [11] . It should be noted that all trapped interstitials are assumed to be in {3 1 1} defects at the first time point for each of the three temperatures. The validity of this assumption is discussed below.
{3 1 1} defects are metastable in the sense that they can undergo an unfaulting reaction to form a dislocation loop, but a dislocation loop cannot form a {3 1 1}. It is believed that {3 1 1} defects nucleate from sub-microscopic interstitial clusters (SMICs) [19] . Thus, it makes sense that the small dot defects at early times are more similar to the {3 1 1} rather than a stable dislocation loop, since they preclude {3 1 1} formation. The dot defects do not appear to simply skip {3 1 1} formation and nucleate into stable dislocation loops. Fig. 5 shows the plot of the time constant, τ, for {3 1 1} dissolution versus 1/kT. Time constants were obtained by fitting the trapped interstitial decay curves in Figs. 2-4 with an exponential function of the form in Eq. (1). This was done using a least squares fit through the data points. Similarly, fitting the curves in Fig. 5 with an exponential yields the activation energy, E a , according to Eq. (2) . These values appear in Table 4 . Standard deviation, σ, was calculated by fitting exponential functions through the maximum and minimum of the error bars in the first and last 1/kT value, respectively. The activation energy for {3 1 1} dissolution in the 750 Å SOI is slightly less than the 1450 Å SOI and bulk Si for the 15 and 30 keV implants. However, E a for the 1450 Å SOI is similar to bulk Si at each of the implant energies. No difference in E a due to the type of SOI substrate can be seen in the data.
Discussion
The data from Figs. 1-4 agree with previous studies of dislocation loop and {3 1 1} evolution in SOI [10, 11] . As the implant energy increases, or the surface silicon thickness Table 4 Extracted activation energies from Fig. 5 decreases, it becomes easier for interstitials to recombine at the surface Si/BOX interface. It has been hypothesized that damage to the interface strongly affects the ability of interstitials to recombine [10] . Thus, as the implant energy increases more of the incident ions reach the BOX increasing the damage to the interface. Interstitials have a high diffusivity [20] at the temperatures under investigation, so it could be set forth that recombination at the interface is a reaction rate-limited process. In other words, interfacial recombination is limited by the ability of interstitials to dissociate from the {3 1 1} rather than their diffusion to the interface. This goes along with the observations of Li and Jones [18] and the model of Law and Jones [3] . The decrease in the activation energy in the 750 Å SOI indicates a reduced barrier for interstitial dissociation from the {3 1 1} defect. Whether or not this is the result of interstitial recombination or simply due to a reduction of defect size is unclear. It has been shown that smaller {3 1 1}s dissolve faster than larger {3 1 1}s [18] . However, a reduction in defect size should not change the activation energy for {3 1 1} dissolution. Another process, e.g. recombination, could change the activation energy.
The thermal behavior of {3 1 1}s in thick SOI is the same as bulk Si, as long as the implant energy is not sufficiently high. Smaller {3 1 1} defects are observed in the 1450 Å SOI at the 48.5 keV implant energy, yet the activation energy is approximately the same as bulk Si. This would also lend support to the interstitial recombination at the surface Si/BOX interface theory, since the smaller defects dissolve faster. However, the defect layer is far enough away from the interface that the activation energy for dissolution is not affected.
It can be theorized that the activation energy will continue to decrease if the surface Si thickness is scaled further. This may result in a nearly athermal behavior of the {3 1 1} defect in SOI as the defect layer approaches the surface Si/BOX interface. King et al. [21] found a activation energy of approximately 1.0 eV for defects in the proximity of the surface in bulk Si. A proximity investigation in SOI is difficult due to the large dose losses that occur if the project range of the implant is placed in the vicinity of the surface Si/BOX interface. This could potentially prevent extended defects from even forming in SOI, unless the dose is sufficiently high.
Conclusions
The reaction kinetics of {3 1 1} defect dissolution in SOI have been studied via quantitative TEM. A reduction in defect size leads to an enhanced decay rate of {3 1 1}s in SOI. Thinning of the surface silicon layer results in a decrease in the activation energy of {3 1 1} dissolution in SOI. Increasing the implant energy also results in a reduction in the activation energy in 750 Å SOI. It is hypothesized that interstitial recombination at the surface Si/BOX interface is responsible for the reduction in activation energy when the defect layer is within ∼500 Å. It is also proposed that the dissolution kinetics will tend towards athermal behavior as the implant damage is placed closer to the interface.
